We have used a low-energy positron beam to investigate the defects in N-doped and undoped ZnSe layers grown on GaAs:Si or ZnSe substrates. In N-doped ZnSe we observe positron trapping at vacancies, identified as V Se N Se complexes, and at negative ions. Based on positron data, we give estimates for the concentrations of vacancies and negative ions. The results suggest that in addition to forming isolated N Se acceptors or V Se N Se pairs, incorporated nitrogen also forms donor-type defects leading to compensation of holes. In undoped ZnSe layers, the results show presence of Zn vacancies in concentrations 10 16 -10 17 cm Ϫ3 . The Zn vacancy concentration correlates with the dislocation density at the ZnSe/GaAs interface.
I. INTRODUCTION
ZnSe is a potential material for blue-green light emitting lasers due to its wide direct band gap. 1, 2 The realization of high-quality optoelectronic devices has, however, been retarded by fundamental problems in material fabrication. Doping into p-type is difficult; the charge carrier concentration saturates at about 10 18 cm Ϫ3 regardless of much higher nitrogen impurity concentration. Applications involving heteroepitaxial structures on GaAs pose further problems due to the lattice mismatch between GaAs and ZnSe.
The p-type doping problems have been discussed in several theoretical and experimental publications. The concentrations of native defects are calculated to be too low to cause the failure in doping. 3 It has been proposed that the deactivation of acceptors could be caused by the formation of dopant impurity-native defect pairs 4 or N 2 molecules, 5 or dopant atom related lattice instability that turns a shallow acceptor level into a deep one. 6 According to total energy calculations by Pöykkö et al. 7 the formation of defect complexes involving a substitutional nitrogen dopant with a selenium vacancy V Se , or a zinc interstitial Zn i , is energetically favored in N-doped ZnSe.
Experimental evidence on nitrogen related defects is provided by photoluminescence studies on N-doped ZnSe, where two distinct donor levels, a shallow and a deep, have been observed, the latter being attributed to a complex between V Se and N impurity. 8, 9 Evidence of a third donor defect, a deep state assigned to a Se vacancy paired with a residual impurity, has been reported on basis of optically detected magnetic resonance ͑ODMR͒ studies. 10 In n-type ZnSe, the most important native defect is calculated to be the zinc vacancy V Zn . 7 It has been experimentally identified and studied in detail by electron paramagnetic resonance and ODMR measurements in electron irradiated n-type ZnSe. 11, 12 In positron annihilation studies, N-doped ZnS 0.06 Se 0.94 layers are found to contain selenium vacancies, which are probably paired with N impurities. 13, 14 Zinc vacancies are found in n-type materials like Cl-doped ZnS 0.06 Se 0.94 and Ior Ga-doped ZnSe. 13, [15] [16] [17] The undoped ZnSe layers have often been considered as defect-free [15] [16] [17] and very little experimental data exist on them.
In our present work, we apply positron annihilation spectroscopy to study N-doped and undoped ZnSe. In ZnSe, it is possible to perform experiments in bulk, heteroepitaxial, homoepitaxial, doped, and undoped material, whereas in our earlier studies, [13] [14] [15] only thin ZnS x Se 1Ϫx layers on GaAs substrate could be investigated. In heavily N-doped ZnSe, we detect Se vacancies. We use the positron annihilation data for estimating the concentrations of Se vacancies and negative ions, and we discuss the mechanism of the p-type charge carrier compensation. In undoped layers we detect Zn vacancies. We characterize various undoped homoepitaxial and heteroepitaxial layers in order to see the influence of the dislocation density at the ZnSe/GaAs interface on the vacancy concentration in the layer.
II. EXPERIMENT
Positron annihilation studies were done using a variableenergy positron beam. After implantation and rapid thermalization in the sample, positrons can get trapped at neutral and negative vacancy-type defects where the positive ion core is missing. The reduced electron density at vacancies leads to an increase in positron lifetime. Furthermore, the annihilations at vacancies give rise to a narrower positron-electron momentum distribution than free positron annihilation in the lattice.
The e ϩ -e Ϫ pair momentum distribution is measured by recording the Doppler broadening of the 511-keV annihila-tion line with a high-resolution Ge detector. The shape of the momentum distribution is characterized by the conventional low momentum ͑S͒ and high momentum ͑W͒ annihilation parameters. 18, 19 The S parameter measures the fraction of counts in the central part of the 511-keV peak, corresponding to a longitudinal momentum component of p L р3.7 ϫ10 Ϫ3 m 0 c and thus representing mainly the annihilations with valence electrons. The W parameter is the fraction of counts in the wing areas of the peak, 11ϫ10
Ϫ3 m 0 cр p L р29ϫ10 Ϫ3 m 0 c, describing annihilations with high momentum core electrons. The narrower momentum distribution caused by positron trapping at vacancies is seen as an increase in the S parameter and as a decrease in the W parameter.
The annihilation parameters S and W are characteristic to each material. The values recorded at a particular positron implantation energy E are superpositions of values characterizing annihilations at different positron states, weighted with the annihilation fraction (E) for the corresponding state, 18, 19 
In Eq. ͑1͒ S S , S L , and S Subs are the characteristic S parameter values for positron annihilation at the sample surface, inside the ZnSe layer, and in the substrate, respectively. The S parameter S S characterizing the annihilations at the sample surface is very sensitive to structural and chemical effects, e.g., to the contamination of the sample surface. When positrons are implanted at low energies, they can form positronium at the sample surface before their annihilation. Positronium formation leads to a nonlinear dependency in Eq. ͑1͒. By increasing the positron implantation energy, the surface effects can be excluded. When the implantation energy is high enough, no positrons can diffuse onto the surface and thus S ϭ0.
When the ZnSe layer contains defects that can trap positrons, we can write 
is a defect-specific parameter and it can be used as a fingerprint to distinguish between different vacancies. 20 The compensating defects in ZnSe were studied in doped layers with a thickness of eϷ3 m. Nitrogen-doped samples BN1, BN2, and BN3 were grown by molecular beam epitaxy ͑MBE͒ on GaAs:Si substrate with ͓Si͔ϭ(1 -5) ϫ10
18 cm Ϫ3 . The iodine-doped sample M I, already studied by Liszkay et al., 15 was grown by metalorganic vapor phase epitaxy ͑MOVPE͒ on a semi-insulating ͑SI͒ GaAs substrate.
To characterize the defects in undoped ZnSe and see the influence of the interface quality, a thick layer BU (e ϭ4.2 m) and three thin layers BUd 1 , BUd 2 , and BUd 3 (eϽ1.5 m) were grown by MBE on GaAs:Si substrate. The density of dislocations at the ZnSe/GaAs:Si interface of BUd 1 , BUd 2 , and BUd 3 were measured by etch pit density and by transmission electron microscope. As reference samples without lattice mismatch, the homoepitaxial sample HU, grown by MBE on a Se-rich ZnSe single crystal, and an undoped bulk ZnSe crystal, grown in Zn-rich conditions, also were studied. In addition to recording the Doppler broadening, also positron lifetime experiments were performed in ZnSe bulk crystal. The details of the epitaxial samples are collected in Tables I and II. 
III. Se VACANCY COMPLEXES IN N-DOPED ZnSe

A. Positron annihilation in ZnSe lattice
The S parameters are shown in Fig. 1 as a function of positron implantation energy at room temperature. The S(E) curves show three different behaviors corresponding to three groups of samples. In N-doped samples BN1, BN2, and BN3 the S parameter has a constant value at energies above 15 keV, indicating that positrons see the layer as homogenous. The level of the S parameter is seen to increase with the doping concentration. As the implantation energy de- creases, more positrons are able to diffuse onto the sample surface and the S parameter approaches the value characteristic to annihilations at the surface. The S parameter in N-doped samples decreases slightly to an almost same level (SϷ0.497) in each sample, until at the lowest implantation energies (EϽ1 keV͒ the S parameter increases rapidly. A similar sharp increase in the S parameter is observed in the first two points, recorded at positron energies 0.1 and 0.5 keV, in most of the samples in Fig. 1 . This increase is typical for the positronium formation at the sample surface. The fraction of positronium, estimated from the gamma energy spectra, is about 10% at the lowest implantation energy. At implantation energies higher than 3 keV, the positronium fraction is zero.
In undoped and I-doped layers with a thickness у2.5 m (M I, HU, and BU) the S parameter characterizing the annihilations at the surface is clearly higher than the layerspecific S parameter. As the implantation energy is increased, less positrons can reach the surface and the S parameter decreases until, at energies above 20 keV, it reaches a plateau characterizing purely the ZnSe layer.
Thin undoped layers with a thickness Ͻ1.5 m (BUd 1 ,
show a minimum in the S(E) curves. There are no clear signals indicating plateau values, but positrons annihilate from several states at all energies from 0 to 25 keV. At low energies from 0.1 to 12 keV the S parameter is affected by the surface annihilations. The increasing S parameter at higher energies can be attributed to annihilations in the GaAs substrate. As the positron implantation profile becomes wider at higher energies, part of the positrons reach the substrate. The annihilation parameters in GaAs:Si substrate, S GaAs Ϸ0.512, W GaAs Ϸ0.040, were measured from the back side of the samples.
The lowest S and the highest W values are found in the ͓N͔ ϭ (8Ϫ10)ϫ10 16 cm Ϫ3 doped sample BN1, indicating that BN1 contains the smallest concentrations of open volume defects. Practically the same S and W values were measured in the Zn-rich undoped bulk ZnSe crystal. The positron lifetime measurement in this sample gives a single lifetime of 239Ϯ1 ps, which coincides with the theoretical value of 240 ps for annihilation in defect-free ZnSe lattice. 21 However, the S and W parameters in BN1 show small variation as a function of temperature ͑discussed below͒, which may suggest a small concentration of vacancies. Based on these arguments, we estimate that the annihilation parameters of the delocalized positron in the ZnSe lattice at 300 K are S b ϭ0.4975(5) and W b ϭ0.0487(2).
B. Positron trapping at Se vacancies and negative ions in N-doped ZnSe
The S parameter in heavily N-doped samples BN2 and BN3 is clearly higher than in BN1 indicating that positrons get trapped at vacancy-type defects. Saarinen et al. 13 found N-doped ZnS 0.06 Se 0.94 layers to contain vacancies, which were identified as Se vacancies by the shape of the high momentum part of the annihilation spectrum and were characterized by the slope R V Se Ϸ5. Therefore, we associate the line with the slope R V Ϸ4.8 to the selenium vacancy in ZnSe.
According to theoretical calculations, the charge state of an isolated selenium vacancy is 2ϩ in ZnSe. 4, 7 Since positive vacancies do not trap positrons, the detected selenium vacancy must be a part of a complex with a neutral or negative total charge. Theoretical calculations predict that in N-doped ZnSe, the most abundant complex containing a Se vacancy is the Se vacancy-nitrogen impurity pair. 4, 7 This leads us to attribute the detected vacancies in N-doped samples as V Se -N Se complexes. Figure 3 shows the S parameters recorded in the N-doped samples BN1, BN2, and BN3 at temperatures of 30-500 K using the positron implantation energy 25 keV. This energy was chosen to make sure that all positrons annihilate inside the ZnSe overlayer and do not diffuse to the sample surface or to the substrate. In BN1, the S parameter increases slightly at temperatures TϽ200 K. Between TϷ200 K and TϷ350 K, the increase is steeper, until at TϽ350 K the S parameter turns to an almost constant level. The total increase, ϳ0.16%/100 K, is comparable with the increase 0.12%/100 K observed in defect-free GaAs ͑Ref. 22͒ and can be attributed almost entirely to the thermal expansion of the lattice. In samples BN2 and BN3 the S parameter at low temperatures (TϽ200 K͒ is at about the same level as in BN1, but increases then rapidly with the temperature.
The rapid increase in the S parameter indicates that positrons are trapped at low temperature into shallow Rydberg states around negative ions, which should be present at high concentrations in p-type ZnSe.
14 The annihilation from this state resembles the free annihilation in the lattice since the surroundings of negative ions do not contain any open volume. The binding energy of a positron in a shallow trap is typically 0.01-0.1 eV, 18 meaning that trapping into negative ions plays a significant role only at temperatures, Tр200 K. At low temperatures, the trapping into negative ions competes with the trapping at vacancies, leading to a decrease in the S parameter as fewer positrons annihilate at vacancies. As the temperature is increased, positrons escape the negative ions and the larger value of S parameter is restored. The most obvious candidate for the negative ion in N-doped ZnSe is the N Se acceptor.
Above 350 K, the S parameter starts to decrease in both BN2 and BN3 samples. The ϳT Ϫ1/2 behavior of the positron-trapping coefficient expected for negative vacancies 18, 23 explains only part of the decrease in S. The steep decrease has been earlier observed in N-doped ZnS 0.06 Se 0.94 samples, 14 where it is only detected in heavily compensated samples with the lowest carrier concentration, and in N-doped Mg y Zn 1Ϫy S x Se 1Ϫx samples. 24 The observed decrease in the S parameter is fully reversible, excluding the possibility of changes in defect concentration, e.g., via outdiffusion or dissociation of defect pairs. At high temperatures, TϾ300 K, the positron trapping into shallow Rydberg states around negative ions or charged dislocation lines is very inefficient and thus the decrease in S cannot be explained by the existence of competing positron traps with the characteristic S parameter close to S b . On the other hand, the temperature is not high enough for positron detrapping from vacancies to be efficient, as the positron binding energies at monovacancies are generally у1 eV. 25 A similar steep decrease in S at elevated temperature is observed also for V P -Zn In complex in heavily Zn doped InP. 26 For the V P -Zn In complex, the positron lifetime experiments revealed also a change in vacancy-related lifetime component, indicating that the atomic configuration of the vacancy complex changes. 26 Together, these results suggest that the decrease of S is due to the change of charge state of the V Se -N Se vacancy complex. When Fermi level reaches the ionization level of the V Se -N Se in the band gap, the vacancy complex is converted into more negative charge state. If the change of charge state is accompanied by a lattice relaxation inwards, the S parameter decreases as seen in Fig. 3 . A simple approximation of the Fermi level position gives an estimate of 0.4Ϯ0.1 eV above valence band for the ionization level of V Se -N Se vacancy complex. Based on electrical measurements, several hole traps with activation energies in this region have been reported. [27] [28] [29] 
C. Defect concentrations and electrical compensation in N-doped ZnSe
The data in Fig. 3 can be used to estimate the concentrations of Se vacancies in N-doped samples. At temperature Tϳ350 K, where the S parameter reaches the maximum, the trapping into negative ions has a very small effect and thus we can make a lower-limit estimate for the concentration of vacancies using the data at 350 K and the standard positron trapping model 18 as
where N at is the atomic density and b ϭ240 ps is the positron lifetime in the ZnSe lattice. For the positron trapping coefficient at Se vacancy we use V ϭ(1.4Ϯ0.2)ϫ10 15 s Ϫ1 , a value recorded for a Ga monovacancy in GaAs at 300 K. 30 The vacancy-specific relative S parameter, S V /S b , is not exactly known for Se vacancies in ZnSe, but values of S V /S b ϭ1.028-1.035 are recorded for V As in GaAs and V P -Zn complex in InP, 31, 32 which can be taken as analogous monovacancies in anion lattices. Using the value S V /S b ϭ1.035 and S b ϭ0.497 for the lower-limit estimate, we end up with vacancy concentrations of (3Ϯ1)ϫ10 16 cm Ϫ3 and (6Ϯ2) ϫ10 16 cm Ϫ3 for heavily doped samples BN2 and BN3. In sample BN1, the S parameter at 300 K is close to estimated S b and the major part of the increase in S can be explained by the thermal expansion of the lattice. However, the shape of the S(E) curve suggests that also this sample contains vacancies, as the steeper increase in S has the turning points at the same temperatures as in BN2 and BN3. The vacancy concentration is, however, very small, below 10 16 cm Ϫ3 , and its estimation is very sensitive to the inaccuracies in the choice of the lattice point S b .
At low temperatures, the S parameter is a superposition of values S b , S V , and S ion ϭS b characteristic of annihilation in bulk, trapped at vacancies, and trapped into negative ions, respectively. The concentration of negative ions can be estimated from the data as
However, since the S parameter strongly approaches the bulk value, we can only give lower-limit estimates. By using the data recorded at TϽ100 K and the values V (25 K)ϭ( 18 cm Ϫ3 for negative ion concentrations in BN1, BN2, and BN3, respectively. Similarly to vacancy concentrations, the estimates for negative ion concentrations are also influenced by the uncertainty in the lattice point location.
Both qualitative and quantitative information on the electrical compensation of p-type doping can be obtained by relating the positron annihilation data with the net acceptor concentration, determined by capacitance voltage ͑CV͒ measurements, and the concentration of dopant impurities.
14 Positron annihilation measurement gives information on the total concentration of active acceptor-type defects ͓A Ϫ ͔, which consists of negative ions and negative vacancies. The concentration of compensating donor-type defects ͓D ϩ ͔ can be estimated from the net acceptor concentration N A ϪN D given by CV measurements.
Although an exact quantitative analysis is not possible, the lower-limit estimations given above show that the concentration of acceptor-type defects in heavily N-doped samples evidently exceeds the net acceptor concentration given in Table I . This indicates that the concentration of compensating donor-type defects has to be comparable with the acceptor concentration. The theoretical calculations 7 predict that the most probable defects in N-doped ZnSe are those that are related to nitrogen impurities. As the concentration of incorporated nitrogen, given in Table I , is clearly higher than the concentration of acceptor type defects, it is natural to think that in addition to forming isolated N Se acceptors or V Se N Se complexes in neutral or negative charge states, a large fraction of nitrogen impurities are situated also in donor-type defects leading to electrical deactivation. The donor type defects with the lowest formation energies in N-doped ZnSe are, according to calculations, 7 complexes (V Se N Se ) 1ϩ and (Zn i N Se ) 1ϩ . The presence of (V Se N Se ) complexes in 1ϩ charge state could be possible if the Fermi level in the samples was near the ionization level (ϩ/Ϫ or ϩ/0) of the complex. Unfortunately, both of the complexes (V Se N Se ) 1ϩ and (Zn i N Se ) 1ϩ cannot be detected by positrons and thus further information on the nature of the compensating donors cannot be obtained. Figure 4 shows the representative S and W parameters for undoped ZnSe layers. The S and W values for thick (у2.5 m) and homogeneous layers are taken from the constant S(E) and W(E) curves at EϾ 15 keV. The analysis of thin layers (Ͻ1.5 m) is more difficult due to the mixing of three positron annihilation states with corresponding (S,W) parameters; surface (S surf ,W surf ), ZnSe layer (S ZnSe ,W ZnSe ), and substrate (S GaAs ,W GaAs ). We have used a graphical extrapolation on the S-W plane, with the implantation energy as the running parameter to obtain the characteristic (S,W) values for the ZnSe layers ͑Fig. 5͒. 15 At energies below 10 keV positrons annihilate from two states, at the sample surface and in the ZnSe layer. At energies above 15 keV, the annihilations in ZnSe layer are mixed with annihilations in GaAs substrate. In the S-W plane, low-energy (S,W) points fall on the line between (S surf ,W surf ) and (S ZnSe ,W ZnSe ) and the high-energy points fall on the line between (S ZnSe ,W ZnSe ) and (S GaAs ,W GaAs ). The S and W values characterizing the ZnSe layer are extrapolated as the intersection of these two lines.
IV. Zn VACANCIES IN UNDOPED ZnSe LAYERS
A. Identification of the Zn vacancies
Positron trapping at dislocation lines has been sometimes suggested to happen 19 when dislocation density is high, у10 9 cm Ϫ3 , especially at low temperatures. The effect of dislocations should be strongest in thin BUd samples, where the measurements are done near the interface region and the dislocation densities are high. The homoepitaxial sample HU with no lattice mismatch has very small concentration of dislocations, and thus no trapping at dislocations is expected in this sample. The positron data ͑Fig. 4͒ in the HU sample and in the thick BU sample, however, follows merely the BUd series. Between the samples BUd 1 and BUd 2 , which have a difference of one order of magnitude in dislocation density, there is practically no difference in positron data. In the sample with the highest dislocation density (BUd 3 ) the relative changes in annihilation parameters S/S b and W/W b are much larger than in the others. At 30 K, the value as high as S/S b ϭ1.027 is observed. This high S parameter can result only from positron trapping at open volume defects with the size of a monovacancy and not from positron trapping at the dislocation core. These arguments lead us to rule out the positron trapping at dislocations.
In Fig. 4 , the points in the undoped layers fall clearly apart from the lattice point and are consistent with the line RϷ1.2Ϫ1.6 between the lattice point and the sample M I. The lower R parameter RϷ1.2Ϫ1.6 means that less annihilations take place with core electrons than in the case V Se , where RϷ5. This indicates that the vacancy in undoped and I-doped layers is V Zn , because the 3d electrons of the surrounding Se atoms overlap much less with the positron wave function than those of Zn atoms neighboring V Se . 13 The same trend was previously observed for V Zn in Cl-doped ZnS 0.06 Se 0.94 , although the estimated R parameter RϷ2.5 for V Zn was larger than the value RϷ1.2Ϫ1.6 obtained in the undoped layer in this paper. This suggests that Cl-atoms surround the vacancy in Cl-doped ZnS 0.06 Se 0.94 , since the highmomentum valence electrons of Cl may increase the values of the W and R parameters as demonstrated earlier for vacancy-dopant complexes (A centers͒ in CdTe. Figure 6 shows the S parameter in undoped samples BUd 2 and BUd 3 as a function of measurement temperature at 30-300 K, recorded using positron implantation energy of 10 keV. With this energy, the effects due to positron diffusion to the sample surface or to the substrate are minimized and the annihilation data best represents the properties of the ZnSe overlayer. The S parameter increases with decreasing temperature, indicating that a larger fraction of positrons annihilates at vacancies at low temperatures. This behavior is characteristic to positron trapping at negative vacancies. The positron trapping coefficient at negative vacancies increases with decreasing temperature as ϳT
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B. Charge and concentration of Zn vacancies
, whereas the trapping coefficient at neutral vacancies does not depend on temperature.
18, 22 We thus conclude that the charge state of the observed zinc vacancy is negative.
In good agreement with the experimental results of Fig. 6 , the theoretical calculations 7 predict that in undoped ZnSe the most probable negative native defect is the Zn vacancy in the doubly negative charge state. The data in Fig. 6 gives no evidence on positron trapping at negative ions; only at low temperatures TϽ50 K, the curves deviate from the ϳT Ϫ1/2 behavior. The S parameters in BUd 2 and BUd 3 in Fig. 6 are, however, affected also by annihilations in the substrate and on the sample surface, and thus, a detailed analysis is not possible. The absence of positron trapping at negative ions also agrees with theoretical calculations, 3, 7 which predict that the intrinsic negative ions, such as Zn Se antisite defects, have a very high formation energy in undoped ZnSe.
The concentrations of negative zinc vacancies in undoped samples, given in Table II 17 cm Ϫ3 , indicating that the lowest layer quality is equally reflected in the concentrations of both line and point defects. In addition to doping and its influence on the defect formation energy, the creation of zinc vacancies is thus also affected by the lattice mismatch between ZnSe layer and GaAs substrate.
V. SUMMARY
We have applied positron spectroscopy to study the influence of doping and lattice mismatch on the point defects in ZnSe overlayers on GaAs. Positron trapping at vacancies and negative ions was observed in heavily N-doped ZnSe layers. The vacancies were assigned as V Se N Se complexes and the negative ions as isolated N Se acceptors. The total concentration of active acceptor-type defects was estimated to be clearly higher than the net acceptor concentration given by CV measurements, indicating that the electrical compensation is due to a high concentration of donor type defects. According to theoretical calculations 7 these can be assigned with (Zn i N Se ) ϩ or (V Se N Se ) ϩ complexes. In undoped ZnSe samples, negative zinc vacancies were observed at concentrations of 10 16 -10 17 cm Ϫ3 . The presence of V Zn Ϫ and the absence of negative ion defects are in good agreement with the results of theoretical calculations. 7 No clear difference in vacancy concentration was found between homoepitaxial layer and heteroepitaxial layers with low dislocation densities (р2ϫ10 7 cm Ϫ2 ) at ZnSe/GaAs interface. In the sample with high dislocation density, 10 9 -10 10 cm Ϫ2 , also the concentration of Zn vacancies increased clearly. This shows that the lattice mismatch between ZnSe layer and GaAs substrate has an influence on the formation of point defects such as the Zn vacancy.
